Peripheral artery disease (PAD) can result in limb loss within six months of diagnosis in a subset of patients who cannot undergo endovascular or surgical revascularization yet continues to maintain a marginal position in cardiovascular research. While a body of literature continues to grow describing the role of danger signaling and innate immunity in cardiac biology, the role of these pathways in the ischemic myopathy associated with PAD has not been extensively studied. The following report will review the current literature on the role of Toll-like receptor (TLR) signaling in cardiovascular biology as well as in nonischemic myopathy. While attenuation of TLR signaling has not been shown to be clinically useful in the treatment of infectious inflammation, it may show promise in the management of severe arterial insufficiency.
Introduction
Peripheral arterial disease (PAD) represents an advanced stage of atherosclerosis that is associated with increased risk of cardiovascular events and can result in clinically significant limb ischemia. In the United States, PAD affects approximately 5 million adults over the age of 40 [1] and is prevalent in more than 20% of patients over the age of 70 [2] . In patients who are not candidates for revascularization with either open surgical or endovascular therapies, limb loss is a significant risk [1] . Amputations in the elderly have been associated with poor functional outcome, particularly in those who are unable to live independently [3, 4] . As a result, preclinical and clinical research in the area of PAD has focused on improving proangiogenic therapy to promote limb salvage, usually by injecting agents directly into ischemic muscle. These studies have included injection of AdVEGF121, an adenovirus encoding a 121-amino-acid sequence of VEGF [5] , fibroblast growth factor (FGF) [6] , plasmid containing recombinant hepatocyte growth factor (HGF) [7] , and more recently cell-based therapies that are harvested from the patient's own bone marrow [8] . Results have been mixed, as some have been performed in the setting of intermittent claudication, and others were performed for critical limb ischemia and tissue loss [5, 8, 9] . Single agent therapy has not been shown to improve wound healing or prevent amputation [5, 7] . While therapies using autogenous tissue repair cells from the bone marrow appear promising in the 6-month interim analysis, the process of harvesting cells and reinjecting them is intensive and requires anesthesia [8] . Furthermore, the mechanisms that drive the short-term success of cell-based therapy are not known. Thus, a novel nonsurgical approach to PAD to improve muscle recovery and angiogenesis in the setting of limb ischemia would be very useful clinically.
The role of innate immunity in promoting angiogenesis and skeletal muscle recovery after ischemic injury and the ways in which it may be modulated to improve outcomes in PAD have not been extensively studied. The innate immune system, including Toll-like receptors (TLRs), is likely to play an important role in angiogenesis in response to limb ischemia from arterial disease. After ischemic injury, release of damage-associated molecular patterns (DAMPs) such as the nuclear protein high mobility group box 1 (HMGB1) from necrotic muscle and endothelial cells alerts the immune system via pattern recognition receptors like TLRs [10] . TLRs mediate inflammatory responses to both endogenous and exogenous pathogens [11] , and inflammation is a critical component of neovascularization and tissue repair [12] . For example, arteriogenesis involves the recruitment of 2 Journal of Immunology Research inflammatory cells that respond to endothelial cell activation when shear stress is elevated, resulting in the maturation of preexisting, thin-walled collaterals [13] . Similarly, angiogenesis is supported by macrophages that infiltrate into wounded or ischemic tissue and secrete factors such as VEGF [14] . Studies that have investigated the role of TLR4 signaling in neovascularization have found it to mediate critical events such as arteriogenesis and HMGB-1 mediated angiogenesis in animal models [15, 16] .
A number of papers have described potential roles for TLR signaling in the pathophysiology of cardiovascular disease, specifically addressing ways in which TLR activity can modulate systemic inflammation after ischemia, development of atherosclerotic plaques, and modulation of cardiac function following ischemic injury [17] [18] [19] [20] [21] [22] . Other lines of research have focused on ways in which TLR signaling contributes to muscle development and pathology in the lower extremity, distinct from cardiac physiology [23] . However, there is a paucity of research describing a potential role for TLR function, danger signaling, and innate immunity in the etiology of ischemic myopathy associated with peripheral arterial disease. The following report will present a review of innate immunity and danger signaling, focusing on the relevance in cardiac disease, myopathy, and ischemiainduced angiogenesis. The purpose of this report is to lay the groundwork for more research into how modulation of TLR signaling may be clinically useful in PAD.
Review of Innate Immunity
Janeway hypothesized that, during pathogen invasion, the host is able to mount an immediate response via preexisting receptors [24] . Pattern recognition receptors (PRRs) detect conserved components of microorganisms, which signify the presence of microbial nonself. The downstream reactions initiate a cascade of cellular events to eliminate the invading pathogens, making up the earliest stages of an immune response [24] . PRRs detect and bind both pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). PAMPs are small molecules of microbial components such as bacterial lipopolysaccharide (LPS), a constitutive component of the outer cell membrane of Gram-negative bacteria [25] . Other examples of PAMPs include bacterial flagellin, a protein that forms the bacterial flagellum, peptidoglycans, a polymer layer of amino acids and sugar that forms the bacterial cell, glucans on Gram-negative bacteria, and bacterial DNA and RNA [26] [27] [28] .
The evolutionarily conserved nature of PAMPs allows the innate immune system to quickly recruit immune cells, such as macrophages and leukocytes, remove foreign substances, and initiate processes to protect the host from infection.
In addition to PAMPs, DAMPs are a group of tissue or cell-derived molecules that are released following tissue injury that can activate the innate immune system through PRR. Immune responses are therefore initiated by tissue damage, trauma, and ischemia and are independent of the presence of invasive pathogens. HMGB1 is a nuclear protein and DAMP which functions in this way, promoting systemic inflammation following hemorrhage and hepatic ischemiareperfusion injury [10, 29, 30] . It can be actively or passively released during injury and ischemia to modulate local and systemic effects [10] . DAMPs such as those derived by degradation of extracellular matrix may also signal the body to repair and replace damaged tissue [31] . Heat-shock proteins (HSP) are DAMPs released by cells when they are exposed to stress such as UV light, heat, and cold [32] . Clinically, DAMPs have been linked to inflammatory diseases such as atherosclerosis, sepsis, and arthritis [33] [34] [35] [36] . While DAMPs may contribute to the etiology of disease, some signals may be reparative which is a particularly important concept in the development of novel therapeutics.
The Toll-like receptors (TLRs) are a class of PRRs known to recognize a number of bacterial and viral components, as well as endogenous danger signals [19, 37] . TLR4 is the principal receptor for LPS, working with coreceptors such as CD14 and MD2 to enhance reactivity [38, 39] . While TLR4 plays an important role in LPS recognition as a PRR, it lacks LPS-binding activity without MD2 [40] . Upon recognition of LPS, TLR4 stimulates downstream signaling pathways mediated by myeloid differentiation primary response gene 88 (MyD88) and TIR-domain-containing adaptor-inducing interferon (TRIF). MyD88 signals through interleukin-1 receptor-associated kinase (IRAK), an enzyme that results in translocation of NF B to the nucleus in a rapid fashion. TRIF also can result in NF B translocation but with slower kinetics [11] . TLR2 is a PRR that recognizes bacterial lipoproteins such as lipoteichoic acid [19] . Both TLR4 and TLR2 have been shown to play a role in mediating repair and recovery in cardiovascular disease, and both also recognize the danger signal HMGB1 [41] .
TLR Signaling in Atherosclerosis
The role of Toll-like receptor signaling in the etiology of atherosclerosis as well as in cardiomyocyte function following ischemic injury has been well documented [17, [42] [43] [44] [45] . A review of these studies can be found in Table 1 . In vitro, TLR4 has been detected in endothelial cells and has also been shown to upregulate the expression of TLR2 in both arterial and pulmonary ECs [46, 47] . Those studies have typically demonstrated upregulation of TLR4 (and TLR2) by hypoxia or some other inflammatory insult. In vivo, however, TLR4 expression in normal human arteries such as the superficial temporal artery has been shown to be quite minimal on the endothelial surface, existing only in dendritic cells near the adventitial border [48] . In that same study, both TLR4 and TLR5 were found to be differentially expressed spatially within the arterial wall, stimulating different types of immune activation and vasculitis when stimulated with either LPS (a TLR4 agonist) or flagellin (a TLR5 agonist) [48] . While TLR4 expression in normal arterial segments may be diminutive, expression in atherosclerotic plaques has consistently been found to be elevated both in endothelial cells and in macrophages of endarterectomy specimens [22, [49] [50] [51] . Because of its elevated presence in these lesions, a role has been proposed for TLR4 in atherosclerotic plaque formation. A known human TLR4 polymorphism (TLR4 Asp299Gly) in which responsiveness to TLR4 ligands is diminished has been studied quite rigorously as possibly being associated with an attenuated risk of cardiovascular diseases [42, 52, 53] . One study evaluated 15 case-control studies to better define the association between TLR4 Asp299Gly and atherosclerotic risk, with the premise that polymorphisms may be protective against disease. The investigators found no definitive link between the polymorphism and attenuated atherosclerosis [53] . Thus, an increase in TLR4 expression within plaque is likely a reactive finding rather than an etiologic target. Once present on a pathologic arterial lesion, TLR4 may mediate plaque activation and rupture [22] . In one study published in 2012, microvascular endothelial cells were found to be significantly more responsive to LPS than macrovascular endothelial cells. The authors suggested that microvascular endothelial cell activation by TLR4 agonists might promote plaque destabilization, a critical event in acute cardiovascular syndromes [50] . This group also identified that microvascular endothelial cells contained higher levels of CD14, an important coreceptor for TLR4 that can enhance reactivity. Levels of MD2, another important coreceptor, did not differ between the cell types in that study [50] . Recently, Yang et al. have demonstrated that MD2 is critical for HMGB1-TLR4 interactions as well as HMGB1-mediated inflammatory responses in vivo. These experiments were performed in vitro using macrophages and monocytes, as well as in vivo in models of hepatic injury [54] . However, one hypothesis is that MD2 is likely to be important for HMGB-1-TLR4 interactions in endothelial cells as well.
An important etiologic factor in the development of atherosclerosis is the incorporation of lipids into inflammatory cells and intimal lesions. TLR4 has been demonstrated to mediate uptake of minimally oxidized LDL (mmLDL) in circulation by monocytes, as well as in tissue by activated macrophages [55] . Cytoskeletal rearrangements in macrophages exposed to mmLDL appear to be a response to bioactive cholesteryl esters within the molecule. Macropinocytosis, or uptake of small particles within fluid that is associated with the ruffled appearance of activated macrophages, occurred in TLR4-competent cells exposed to mmLDL. Interestingly, this phenomenon was largely a MyD88-independent event, perhaps signifying an important role for TRIF-mediated signaling downstream of TLR4 in these processes [55] .
Other TLRs have been posited to play a role in atherosclerotic lesion formation. Citing inflammation as an initial insult for plaque development, Zimmer et al. investigated the role of TLR3, a receptor for viral double stranded RNA that signals through TRIF [56] . TLR3 can also respond to endogenous ligands released locally from tissue damage. In this paper, control mice, or those with deficient TLR3 signaling, were injected with the double stranded RNA analog polyinosinic polycytidylic acid (Poly:IC). Wild-type mice injected with Poly:IC developed impaired endothelium-dependent vasodilation and development of reactive oxygen species from aortic rings. TLR3 knockout mice maintained normal vasodilatation and attenuated reactive oxygen species with Poly:IC treatment. Reendothelialization after denudation injury was also impaired in WT mice exposed to Poly:IC but maintained in TLR3 knockout mice. The authors of this report suggested that TLR3 activation by endogenous ligands released at the time of arterial injury may be an etiologic factor of all stages of atherosclerosis, given its constitutive expression on EC, and the potential for injury in surrounding areas [56] .
TLR Signaling in Cardiomyocyte Function
Toll-like receptors like TLR4 expression have also been demonstrated on cardiomyocytes. In 1999, Frantz et al. demonstrated TLR4 expression in both normal and failing myocardium [17] . In that early report, TLR4 expression was found to be present not only in cardiomyocytes but also in microvascular cells within the hearts of both rodents and humans. Additionally, the presence of congestive heart failure resulted in focal, intense staining of TLR4 [17] . One of the prevailing theories regarding the role of TLR signaling in the heart during sterile conditions was its ability to mediate engulfment of apoptotic cells. Since that time, a number of studies have postulated a role for TLR4 in cardiomyocyte apoptosis as well as cardiac muscle remodeling after injury [45, 57] . Interestingly, LPS, the main ligand for TLR4, has been shown to be antiapoptotic and protective in the heart. Administration of LPS to cardiomyocytes in culture as well as in vivo resulted in improved contractility as well as diminished apoptosis in a MyD88 and NOS2 dependent manner [45] .
In contrast, activation of TLR4 through endogenous danger signals such as HSP60 has been shown to be proapoptotic and attenuated using antagonists of TLR4 activity [57] . Administration of HSP60 resulted in greater expression of activated caspase-3 as well as increased DNA fragmentation in cardiac myocytes. Heat inactivated HSP60 as well as administration of TLR4 neutralizing antibodies attenuated this effect. Antibodies against TLR2 and CD14 had no effect on apoptosis under similar conditions [57] . In another study by Timmer et al., functional TLR4 was associated with negative left ventricular remodeling and function following myocardial infection. In those experiments, investigators utilized C3H/HeJ mice, which exhibit TLR4 incompetence rather than absence [58] . TLR4 incompetence was associated with preservation of systolic function, diminished interstitial fibrosis, and attenuated myocardial hypertrophy. These findings were similarly associated with diminished expression of inflammatory cytokines, tumor necrosis factor alpha, interferon-gamma, granulocyte/macrophagecolony-stimulating factor, and matrix metalloproteinase-2 in C3H/HeJ mice compared to controls [58] . These data suggest that attenuating TLR4 activity in muscle ischemia may be an important therapeutic intervention in the management of ischemic cardiomyopathy and congestive heart failure.
TLR2 has also been shown to play a role in apoptotic pathways within cardiac muscle. In one study by Frantz et al., neutralizing antibodies to TLR2 enhanced oxidative stress in rat ventricular myocytes [59] . Hydrogen peroxide-(H 2 O 2 -) induced cytotoxicity was promoted in cells treated with TLR2 antagonism, suggested by higher levels of annexin-staining cells. TLR2 also was shown to result in NF B translocation in hamster ovary cells in response to H 2 O 2 , suggesting that reactive oxygen species may be a target of TLR2 signaling. In this study, activation of TLR2 was found to be protective in cardiac myocytes [59] . Others have also demonstrated a protective, proangiogenic role for TLR2 in response to endogenous oxidative signals [60] .
TLR Signaling in Nonischemic Myopathy
A role for Toll-like receptor activity has been described in the etiology of myopathy and myositis, distinct from ischemic insults. In 2006, Schreiner et al. evaluated expression of TLRs 1-9 on myoblasts as well as human rhabdomyosarcoma cells. They demonstrated that muscle cells demonstrated low levels of TLRs 1-7 as well as TLR9 by analysis of protein as well as mRNA levels. Interestingly, expression of TLR3 could be upregulated with activation by its own ligand Poly:IC as well as interferon-gamma. Not surprisingly, the expression of TLR3 was largely intracellular, as it is an endosomal receptor for double stranded RNA [61] . Activation of TLR3 resulted in translocation of NF-B and release of interleukin-8 in cultured cells. Finally, these researchers demonstrated high levels of TLR3 in inclusion bodies found within myocytes of patients with HIV induced inclusion-body myositis [61] .
In one recent study by Zong et al., TLR4 was found to be expressed in the myoplasm of skeletal muscle biopsies taken from both healthy subjects as well as those from polymyositis (PM) and dermatomyositis (DM) patients. While the amount of TLR4 in patients and control subjects was not different, colocalization with major histocompatibility complex-1 (MHC-1) was seen only in PM and DM patients [62] . Furthermore, in mice, HMGB1 was found to increase the expression of MHC-1 on flexor digitorum brevis (FDB) fibers in a TLR4-dependent manner. The redox state of HMGB1 has been shown by others to be critical to its functionality as well as its localization within the cell [63] . Zong et al. further specified that maintenance of a thiol group in cysteine (C) 106 and a disulfide bond between C23 and C45 on the HMGB1 molecule was required for interaction between HMGB1 and TLR4 on FDB muscle fibers [62] .
In another study evaluating mouse models of muscular dystrophy, TLR7 appeared to play an important role in inflammatory responses in dystrophin-deficient muscle cells. Specifically, myoblasts harvested from the diaphragm, gastrocnemius, and soleus of dystrophic mice (mdx) expressed a number of Toll-like receptors including TLR2, TLR4, TLR7, and TLR9. Additionally, myoblasts produced cytokines when activated by specific TLR ligands, including single stranded RNA (ssRNA), an activator of TLR7 signaling. When mdx mice were bred with MyD88 knockout mice, they demonstrated improved hindlimb strength, suggesting that this critical mediator of most TLR signaling contributes to the pathophysiology of weakness in dystrophic mice [64] .
Danger Signaling in Ischemia-Induced Angiogenesis
TLR4 antagonism has not been proposed as a therapy for the management of ischemic muscle injury and its clinical sequelae. Furthermore, the majority of studies have investigated TLR function in the setting of cardiomyocyte ischemia and not the ischemia that affects skeletal muscle induced by peripheral arterial disease. For this reason, our laboratory has been invested in studying how danger signaling and TLR activity modulates responses to skeletal muscle ischemia, using mouse models of induced myocardial injury. If modulation of TLR signaling improves skeletal muscle function in the setting of ischemia, many patients with significant peripheral arterial disease who are not candidates for revascularization, or who are impaired by intermittent claudication, may benefit from this novel line of therapy.
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The innate immune system is likely to play an important role in angiogenesis, particularly in response to tissue ischemia. Ischemia in brain, muscle, and liver has been shown to result in release of the danger signal HMGB1 from its normal nuclear stores [65, 66] . Release suggests that HMGB1 can then act locally and/or systemically to mediate both inflammatory and restorative processes. HMGB1 is a highly conserved and ubiquitous nuclear protein that can be secreted by activated macrophages and dendritic cells. It is passively released by necrotic but not apoptotic cells [10, [67] [68] [69] . Extracellular HMGB1 functions as a cytokine and, in animal models, has been shown to be a late mediator of lethality in sepsis, as well as a mediator of remote organ damage after tissue injury [29, 30, 67, 70, 71] . Neutralizing antibodies to HMGB1 attenuates liver damage in animal models of ischemia-reperfusion injury, supporting its role in mediating systemic inflammatory effects [29, 30, 71] . In the setting of lower extremity ischemia, hypoxic muscle cell injury is prominent and may serve as a large source of local HMGB1 release. A number of studies report potent effects of HMGB1 on vascular cells. Palumbo et al. have shown that HMGB1 induces the proliferation and migration of mesoangioblasts [72] , vessel-associated stem cells that are home to damaged muscle and engage in regeneration [73] . Degryse et al. reported an effect of HMGB1 on chemotaxis and cytoskeletal reorganization in rat smooth muscle cells [74] . Additionally, HMGB1 has been shown to induce migration of endothelial progenitor cells [75] , EC sprouting [76] , and cell migration in wounded endothelial monolayers [77] . In vivo, HMGB1 has been shown to be critical to axonal elongation in the central nervous system [78] [79] [80] [81] and may play an analogous role in the vascular system [82] . Administration of intramuscular HMGB1 in the setting of hindlimb ischemia increased limb perfusion by laser Doppler perfusion imaging (LDPI), led to the development of more mature collaterals than in control treated animals, and increased the number of regenerating muscle fibers [83] . The first recognized receptor for the extracellular effects of HMGB1 was RAGE [84] . Advanced glycation end-products activate RAGE and initiate an inflammatory response. RAGE has been implicated in a variety of diseases including diabetes and neurological disorders [84] and has been shown to mediate axonal regeneration in a HMGB1 dependent fashion [78, 79, 85] . RAGE has been shown to mediate EC sprouting and migration in response to HMGB1 [77] and until recently had been the only receptor linked to a possible role in HMGB1-mediated angiogenesis [77] .
TLR4-mediated inflammation has been shown to be important in arteriogenesis, the maturation of preexisting collaterals in the setting of increased shear stress [15] . This would suggest that TLR4 is protective in the setting of tissue ischemia, promoting neovascularization and improved tissue perfusion. However, others, including our laboratory, have demonstrated mixed results regarding the role of TLR4 in response to muscle ischemia. In mice in which TLR4 is present but nonfunctional, loss of TLR4 is detrimental leading to increased tissue necrosis and a poor angiogenic response [66] . Interestingly, antagonism of HMGB1 with antibody results in similar findings [66] . In contrast, C57B6 We have also demonstrated similar interplay between MyD88 and TRIF. Genetic absence of MyD88 results in diminished IL-6 levels after ischemia and attenuated recruitment of inflammatory cells. In contrast, TRIF absence resulted in a prolonged inflammatory state, with IL6 levels remaining elevated up to a week after the initial injury [87] . Furthermore, inflammatory cell recruitment was elevated in the absence of TRIF, and regeneration severely diminished [86, 87] . These results mimicked those of TLR2KO mice; however, TLR2 is not known to signal through TRIF. These findings suggest that, in the setting of limb ischemia, TLR pathways may demonstrate complex and potentially novel interactions to promote both inflammation and recovery from the injury (Figure 1) . These pathways remain a significant focus of study in our laboratory.
TLR4 Modulation in PAD: Potential New Avenue for Investigation
Modulation of innate immunity, danger signaling, and Tolllike receptor activity has not been a major focus in the management of PAD. However, inferences from their roles in cardiac pathology in both human disease and animal models suggest that their pathways may present new therapeutic targets for arterial disease. TLR4 antagonism has been tested in sepsis with disappointing results [38] , but it is possible that these agents can be repurposed to help manage the consequences of peripheral ischemia. This avenue of research may be beneficial to pursue to help define a new line of therapy for patients with severe PAD. A theoretical concern exists that overwhelming immunosuppression may occur by employing antagonists of TLR function to combat disease. However, antagonism of TLR signaling has been proposed and investigated in a variety of infectious disease processes without such consequences and is reviewed by Savva and Roger [88] . Because TLR function is often redundant, inhibition of single TLRs may not necessarily result in overwhelming immunosuppression. By the same argument, targeting of a single TLR may limit effectiveness of therapy. Both hypotheses remain to be tested vigorously. Eritoran tetrasodium (E5564; Eritoran, Eisai; Andover, MA) is a second-generation lipid-A analog that targets LPS-TLR4-MD2 interaction. In preclinical studies, it was found to diminish cytokine release from human monocytes exposed to LPS, including expression of TNF-alpha. Furthermore, it reduced mortality in mice exposed to LPS in a dosedependent fashion [89] . However, in the ACCESS trial, eritoran had no effect in reducing 28-day patient mortality due to sepsis [38] . Treatment-emergent adverse events including atrial fibrillation, hepatic dysfunction, hemorrhagic events, and phlebitis were similar between treatment and placebo groups [38] . In regard to side effects, when administered to normal volunteers in early phase studies, eritoran was associated with a dose-dependent phlebitis at the injection site [90] . Volunteers were studied for approximately 1-2 weeks following infusion. Other side effects such as dyspepsia, gastrointestinal discomfort, fever, vasodilation, LFT abnormalities, pharyngitis, and conjunctivitis were not different between placebo and eritoran groups [90] .
Whether anti-TLR4 treatments would be effective in managing PAD remains to be investigated, but the suggestion represents a novel approach to treating patients with cardiovascular disease. While data from knockout mice suggest that diminishing TLR4 activity may offer promising results in improving both perfusion and muscle recovery in the short term, further studies employing exogenously administered TLR4 antagonists would be required in preclinical experiments. Modulation of TLR activity in cardiovascular biology remains an intriguing line of investigation, particularly as it relates to patients with severe lower extremity arterial insufficiency.
